Vibrio cholerae can shift to a "rugose" phenotype, thereby producing copious exopolysaccharide (EPS), which promotes its environmental survival and persistence. We report conditions that promote high-frequency rugose EPS production (HFRP), whereby cells switch at high frequency (up to 80%) to rugose EPS production. HFRP appeared to be more common in clinical strains, as HFRP was found in 6 of 19 clinical strains (32%) (including classical, El Tor, and non-O1 strains) but in only 1 of 16 environmental strains (6%). Differences were found between strains in rugose colony morphology, conditions promoting HFRP, the frequency of rugose-to-smooth (R-S) cell reversion, and biofilm formation. We propose that rugose EPS and HFRP provide an evolutionary and adaptive advantage to specific epidemic V. cholerae strains for increased persistence in the environment.
Cholera, caused by Vibrio cholerae, is a severe, life-threatening diarrheal disease which continues to be a scourge throughout much of the world; there have been seven global pandemics recorded since 1817 (15) . The explosive epidemic nature and severity of the disease have prompted its listing as a high-priority organism in biodefense research. Epidemic V. cholerae strains can persist for many years in the marine environment while regularly causing significant cholera epidemics (3, 5, 6, 9, 16, 20, 21) ; however, the specific mechanism underlying the adaptation to long-term persistence, particularly that of epidemic strains, has remained a mystery. Several studies have proposed that the persistence of V. cholerae in the environment is due to a viable but nonculturable state (VBNC) in response to starvation and cold (4, 18, 19, 27) ; however, it is not known whether the VBNC phenotype promotes persistence in regions where cholera is endemic and under conditions other than starvation and cold. Alternatively, "rugose" exopolysaccharide (rEPS) production might promote the survival and persistence of V. cholerae in the aquatic environment.
A rugose colony phenotype was first reported and described in both sixth (classical biotype) and seventh (El Tor biotype) pandemic strains in the late 1930s by Bruce White (25, 26) and is characterized by wrinkled colonies expressing copious amounts of EPS. Since then, studies have shown that smooth V. cholerae cells under nutrient-limiting conditions can spontaneously shift at a low frequency to express rEPS and exhibit wrinkled (rugose) colonies (13, 14, 22, 25, 26, 29) that are virulent in rabbit ileal loop models and in human volunteers (14, 17) . Although a gene cluster (vps) for the biosynthesis of rEPS and a gene (vpsR) that regulates the expression of several vps biosynthetic genes have been identified (2, 28, 29) , the physiology, genetics, and importance of rEPS expression are not well understood and studies on the rugose phenotype have been hampered by the low frequency of switching to the rugose phenotype when available conditions are used. Previously, Morris et al. (14) reported the isolation of only spontaneous rugose variants from a variety of V. cholerae strains after 3 to 4 days of incubation in standard alkaline peptone water (APW) and plating on L agar at 37°C. Wai et al. (22) then reported that V. cholerae El Tor O1 strain TSI-4 was able to spontaneously shift to a rugose colony morphology under starvation conditions. These investigators isolated a few spontaneous rugose variants after smooth colonies were starved in M9 salts for 2 months at 16°C and then plated on L agar at 37°C. Yildiz and Schoolnik (29) showed that, under the nutrient-limiting (carbon-limiting) conditions they tested (30°C incubation in M9 minimal media supplemented with 0.02% glucose), smooth El Tor strains were able to shift to the rugose colonial variant after 20 days of culture but at a frequency of only ϳ1%.
In pursuit of our interests in the factors and processes involved in the emergence, pathogenesis, and persistence of epidemic V. cholerae, we studied the prevalence, physiology, and role of rEPS production in various V. cholerae strains which either have been described previously (10, 11) or were obtained from A. Huq (University of Maryland) and L. Campos (FIOCRUZ, Rio de Janeiro, Brazil). The strains included 19 clinical isolates (O1 and non-O1 strains) and 16 environmental isolates (O1 and non-O1 strains) collected over many years and from several continents.
We discovered that a nutrient-poor medium, a modified form of APW, which we have termed APW#3 (1% proteose peptone #3 [Difco], 1% NaCl, pH 8.5), resulted in a high frequency (up to 80%) of N16961 smooth cells shifting to the rugose phenotype. A single smooth colony was inoculated into 3 ml of APW#3 in glass test tubes or 45 ml of APW#3 in 250-ml flasks and incubated statically for 24 to 72 h at 30°C or 37°C. Sterile glass beads (4 mm in diameter) were then added, and the cultures were vortexed to disrupt any aggregates of rugose cells. Following incubation, we observed only a minor decrease in the pH of the culture medium (pH ϳ8.3). Appropriate dilutions of each culture were plated on Luria-Bertani (LB) agar (Difco), and colonies were counted by standard plate counting to determine the total number of CFU per milliliter and the frequency of rugose cells. On the basis of at least eleven independent experiments, we found that, after 24 to 48 h of growth at 37°C (in glass tubes), approximately 60% of the smooth cells had switched to the rugose phenotype (Table 1 and Fig. 1 ). Accordingly, we called this phenotype high-frequency rugose EPS production (HFRP). Time course studies analyzing samples every other hour showed that HFRP was not detected in N16961 until at least 14 h of incubation, at which time we observed a sudden increase in the percentage of rugose variants (0 to 50%). After this initial HFRP spike the percentage of rugose cells increased in the culture, resulting in approximately 60 to 70% rugose cells at 24 h. We found that HFRP was independent of LuxS, RpoS, and ToxT (data not shown). The mechanism of HFRP is presently being studied and might be regulated by phase variation. Phase variation can occur via DNA inversion, DNA recombination, and slippedstrand mispairing and is known to be involved in controlling the expression of several surface structures of gram-negative bacteria, including fimbriae, flagella, outer membrane proteins, lipopolysaccharide, and capsular polysaccharide (8, 12) .
In order to determine whether HFRP was found in other V. cholerae strains, we tested various clinical and environmental isolates. Consistent with previous studies (14), we found a low frequency (Ͻ0.5%) shift to the rugose phenotype in several strains. However, we were surprised to find that 6 of 19 clinical isolates (32%) and only 1 of 16 nonpathogenic strains (6%) could shift to HFRP under the conditions tested (t test; P Ͻ 0.05) ( Table 1 ). Of all strains tested, N16961 consistently had the highest HFRP in flasks (24 to 38%, 30°C; 42 to 51%, 37°C) and tubes (68 to 74%, 30°C; 60 to 80%, 37°C) ( Table 1) . While the results revealed that not all epidemic strains showed HFRP, indicating that HFRP is not essential for persistence, our results do suggest that rEPS has a role in V. cholerae and that HFRP might be more common in clinical strains and might promote persistence of these specific strains. The association of HFRP with clinical epidemic strains is being studied further. Just as many studies rely on in vitro data (in some cases obtained from a single strain) to draw conclusions on the relevance of a phenotype in vivo or in the natural environment, we propose that HFRP has an important role in nature. Interestingly, it is known that persistent bacterial diseases such as cystic fibrosis are caused by only a subpopulation of the Pseudomonas aeruginosa species in which specific cells have the ability to express copious amounts of EPS and form biofilms in the lung (7) . In the case of V. cholerae, rEPS and HFRP production may provide some evolutionary or adaptive advantage to that subpopulation of cells in a particular environment.
Interestingly, NCTC 6585, a sixth pandemic (classical biotype) strain, consistently showed HFRP in flasks (33 to 48%, 30°C; 44 to 45%, 37°C). In addition, the sixth pandemic strain AMS20A73 also showed HFRP, albeit at a lower frequency (3 to 4%), with HFRP being defined as a Ͼ3% shift to the rugose phenotype. A previous study showed that homologous sequences were found in sixth pandemic (classical biotype) strains; however, these investigators were unable to demonstrate rEPS expression in sixth pandemic strains (29) . To demonstrate that the rugose classical biotype strain NCTC 6585 overexpressed rEPS, we performed transmission electron microscopy (TEM) on ruthenium red-stained thin sections. For TEM, 2-day-old smooth and rugose colonies on LB agar were removed as 0.5-cm 2 blocks and then fixed and stained in a solution of 2% glutaraldehyde-0.075% ruthenium red-50 mM lysine monohydrochloride in 0.1 M cacodylate buffer (pH 7.2) for 1 h at room temperature and then for 18 h at 4°C. Samples were washed twice in 0.1 M cacodylate buffer (pH 7.2), encased in 2% molten Noble agar, and postfixed with 1% osmium tetroxide in 0.1 M cacodylate buffer (pH 7.2) overnight at 4°C. Samples were then dehydrated in 30, 50, 70, and 90% ethanol for 10 min each time and twice in 100% ethanol for 15 min each time, followed by two treatments with propylene oxide for 15 min each time and then infiltration with a 1:1 solution of propylene oxide and Epon for 2 h at room temperature and then with 3:1 Epon-propylene oxide overnight. Samples were then placed in pure Epon for 1 h, embedded in Epon, and put (Fig. 2) . We found that there were differences between strains in colony morphology and in the conditions that induce HFRP (Table 1 and Fig. 1 ). Examination of rugose classical strains NCTC 6585 and AMS20A73 at 24 to 48 h after plating revealed that they were not as pronounced in structure as N16961 or O139 rugose colonies (Fig. 1) . Although it has been known for over 60 years that rugose colony morphology is the result of copious EPS production (25, 26) , different colony morphologies and different conditions triggering HFRP suggest that there are differences in the regulation and genetics of rEPS production between strains. Table 1 shows that HFRP was not restricted to clinical V. cholerae O1 strains. HFRP was consistently found in the Aldova (serogroup O37) strain after culture in tubes (71 to 72%, 30°C; 23 to 50%, 37°C). Interestingly, this strain was responsible for an epidemic in Czechoslovakia in 1965 (1) and in the Sudan in 1968 (30) but has not caused any major outbreaks since. A previous study reported rEPS production in an O139 serogroup strain (MO10) (13) , and although we were unable to detect HFRP in the O139 strain (strain 1837) we did find that 0 to 2% of strain 1837 cells could shift to the rugose phenotype and that the colony morphology was similar to that of N16961 rugose colonies. We also found HFRP in strain 1803, a non-O1 clinical isolate. Interestingly, of 16 environmental strains tested, which included many different serogroups, only one strain (P44; serogroup unknown) showed HFRP (12%).
We speculated that there might be differences between strains in the stability of the rugose phenotype. A single colony, obtained by plating a fresh glycerol stock of rugose variants of N16961, NCTC 6585, and Aldova, was inoculated into tubes and examined for the frequency of switching back to the smooth phenotype after 3 days of incubation in nutrient-rich LB (Miller) broth. This medium is optimal for growth of the smooth cell phenotype but still supports the rugose variant. The results in Table 2 show a very low level of rugose-tosmooth (R-S) reversion for N16961 and NCTC 6585 (Ͻ1%). Interestingly, statistical analysis using the two-sided Wilcoxon rank sum test showed that the R-S reversion frequency was significantly higher for the Aldova strain than for N16961 and NCTC 6585 at 30°C under static conditions (P ϭ 0.01 and P ϭ 0.02, respectively), at 30°C with shaking (P ϭ 0.03 and P ϭ 0.04, respectively), at 37°C under static conditions (P ϭ 0.002 and 0.006, respectively), and at 37°C with shaking (t test; P Ͻ 0.0001). In particular, for cells at 37°C with shaking we observed that 77.7% of the cells had undergone R-S reversion. In addition, using the two-sided Wilcoxon rank sum test, we also found a significant difference (1,000-fold) in the number of CFU per milliliter for strain NCTC 6585 compared with strain N16961 (P ϭ 0.03) and the O37 Aldova strain (P ϭ 0.02) at 37°C with shaking. This implies that this condition inhibits the actual viability of the rugose variant of strain NCTC 6585. These results suggest that there are differences in the stability of the rugose phenotype between strains and in the conditions or genetics that regulate the reversion back to the smooth-cell phenotype. From the R-S reversion data it is tempting to speculate that the stability and viability of the rugose variant could be associated with long-term persistence.
We found that subculture of rugose colonies onto thiosulfate-citrate-bile salts-sucrose (TCBS) agar resulted in "smooth" colonies. However, repeat subculturing of these colonies on LB agar produced typical rugose colonies. This result demonstrates that TCBS agar inhibits (or masks) the rugose colony morphology and suggests that studies using TCBS agar to isolate V. cholerae from the environment (or clinical sources) will not detect the rugose variant from a particular sample. On the basis of this result, we suggest that the existence of V. cholerae in the rugose phenotype in the environment might be more common than was previously thought.
Production of the rEPS has been shown to promote V. cholerae resistance to a variety of environmental stresses, such as chlorine, UV light, hydrogen peroxide, and complement (14, 17, 23, 29) . In order to determine whether rEPS production by classical strain NCTC 6585 promoted resistance to environmental stresses, we compared the levels of resistance to chlorine exposure between a smooth-cell strain and a rugose vari- ant. Chlorine resistance was assayed (four independent experiments) by using a 1:50 dilution of an overnight culture of strain NCTC 6585 smooth and rugose cells in 3 ml of fresh LB (Miller) broth. Cultures were then incubated statically at 37°C for 3 h until reaching a density of ϳ2 ϫ 10 8 CFU/ml; the cells were then harvested by centrifugation and suspended in phosphate-buffered saline (pH 7.2) containing 3 mg of free chlorine per liter (sodium hypochlorite; Sigma). After 5 min of exposure in 3 mg of chlorine per liter, cultures were serially diluted and plated on LB agar to determine the number of surviving bacterial cells. Consistent with the findings of rugose El Tor strains (29), we found that the rugose variant of classical strain NCTC 6585 was 10,000-fold more resistant to chlorine (5 min of exposure to 3 mg/liter) than its smooth-cell counterpart. This result demonstrates that the rEPS of classical biotype V. cholerae strains also promotes cell survival and persistence.
Previous studies have reported an association among EPS, motility, and biofilm formation. Traditional motility tests in semisolid media containing 0.3% agar after 4 h at 37°C were performed (in triplicate) to compare smooth and rugose variants of N16961. Colony counts of overnight cultures to be used in motility tests showed no difference between the smooth and rugose variants in the number of CFU per milliliter. Compared with the average motility of smooth N16961 (20 mm), we found a 2.5-fold reduction in the motility of the rugose variant (8.5 mm). Interestingly, we found that smooth and rugose cells obtained from fresh colonies were flagellated, as were rugose planktonic cells and rugose cells in a biofilm from 48-h LB broth cultures incubated statically at 37°C (data not shown). These results suggest that V. cholerae cells expressing rEPS have flagella but are less motile than smooth strains under the conditions tested. It might be that the flagellar movement of a A single rugose colony was inoculated into LB (Miller) broth and incubated with shaking or statically for three days at 30°C or 37°C. LB was chosen since it provides stable maintenance of rugose and smooth cells (14) . Cultures were plated, and colonies were counted to determine the relative numbers of rugose and smooth colonies. Results presented are the mean values of at least four independent experiments.
b The Ϯ values represent standard error, and the values in parentheses represent total CFU per milliliter after three days of culture.
rugose cells is inhibited by copious amounts of EPS or is defective due to some other mechanism. Although motility is required for biofilm formation and motility is impaired in rugose variants, this impairment might be offset by the elevated production of the EPS and appears to result in greater biofilmforming ability than in the smooth variant. Since EPS is known to be important for biofilm formation, we investigated and compared the abilities of the rugose and smooth variants to form biofilms. While smooth strains of NCTC 6585 and N16961 incubated statically in LB at 37°C for 18 h produced no visible biofilm, rugose variants of both strains produced an obvious biofilm at the air-broth interface. We also quantitatively determined the biofilm-forming abilities of El Tor strain N16961, classical strain NCTC 6585, and the O37 Aldova strain by the method of Watnick et al. (24) with minor modifications (Fig. 3) . In the tube biofilm assay (performed in triplicate), borosilicate glass tubes were used as surfaces of bacterial attachment and contained 500 l of LB broth inoculated with a 1:100 dilution of overnight bacterial culture. The cultures were incubated statically at room temperature for 24 h, after which time the cultures were discarded and the tubes were rinsed vigorously with distilled water to remove nonadherent cells, filled with 600 l of 0.1% crystal violet (Sigma), incubated for 30 min at room temperature, and again rinsed with water. Quantitative biofilm formation was assayed by measuring the optical density at 570 nm of the solution produced by extracting cell-associated dye with 600 l of dimethyl sulfoxide (Sigma). The quantitative biofilm results illustrated in Fig. 3 show that the biofilm-forming abilities of the rugose variants of N16961, NCTC 6585, and Aldova strains are 7.7-, 6.6-, and 5.5-fold greater, respectively, than those of their corresponding smooth variants. These results clearly indicate that rEPS production in El Tor, classical, and non-O1 strains is associated with increased biofilm-forming ability.
In conclusion, in this paper we describe a novel phenotypic switch, called HFRP, in V. cholerae. Our findings link several common themes that have recently been shown to be important for long-term persistence and survival, such as EPS expression, resistance to environmental stresses, and biofilm formation. It appears that some V. cholerae strains have evolved an efficient mechanism for a high-frequency shift to rEPS expression that might provide an adaptive advantage in particular niches. Our findings are important to human public health as they might explain why some epidemic strains of V. cholerae can persist for many years in the environment and why rugose (and HFRP) V. cholerae strains would be resistant to various antibacterial treatments and might be selectively favored in certain stressful environments. On the basis of our results, we propose that rEPS expression and HFRP are important in the epidemiology and long-term persistence of V. cholerae and that similar evolutionary selection might occur in other bacterial pathogens to promote their long-term persistence, virulence, and adaptation in various niches. Understanding the mechanisms that promote the persistence of V. cholerae in the environment is a key factor in better understanding this important human pathogen and might lead to ways to predict, detect, and prevent cholera epidemics. FIG. 3 . Biofilm formation by smooth and rugose colony variants of V. cholerae. Glass test tubes containing 500 l of LB broth were inoculated with a 1:100 dilution of overnight cultures of N16961, NCTC 6585, and Aldova O37 strains and incubated statically at room temperature for 24 h. Quantitative biofilm assays were performed as described previously (24 
